The mass modifications of the charmonium states J/ψ and η c in strongly magnetized nuclear matter are calculated using a QCD sum rule approach. The shifts in the masses of these states arise due to the medium modifications of the scalar and twist-2 gluon condensates. The gluon condensates are calculated within a chiral effective model, from the medium modifications of a scalar dilaton field, which is incorporated in the hadronic model to simulate the broken scale invariance of QCD. The effects of the magnetic field, isospin asymmetry and density on the masses of these charmonium states have been investigated. In the presence of the magnetic field, there are contributions from the Landau levels for the proton, the charged baryon. The anomalous magnetic moments of the nucleons have been taken into consideration in the present work, and the contributions of these effects are compared to the case when the anomalous magnetic moments are not taken into account. * Electronic address:
I. INTRODUCTION
The study of the properties of the hadrons in the medium is an important topic of research in strong interaction physics due to its relevance in the ultra relativistic heavy ion collision experiments as well as in nuclear astrophysics, e.g. in the study of bulk properties of neutron stars. The heavy flavour hadrons [1] have also been a topic of research in the recent years, due to the prediction of bound states with the nucleus [2, 3] . Such bound states may be possible due to the attractive interaction of these hadrons in nuclear matter. The effects of magnetic field on the hadron properties are also important to investigate, as strong magnetic fields are known to be created in ultra relativistic heavy ion collision experiments [4] .
The open charm (bottom) mesons, e.g, the D(D) and B(B) mesons, as well as, the hidden charm (bottom) mesons, namely the charmonium and bottomonium states have been studied extensively in the literature. In the QCD sum rule approach, the mass modifications of the open charm (bottom) mesons, due to the presence of the light quark (antiquark) in these mesons, arise due to interaction with the light quark condensates [5] [6] [7] . The heavy flavour vector mesons, e.g, the charmonium and bottomonium states are modified due to the gluon condensates in the medium within the QCD sum rule framework [8] [9] [10] . On the other hand, the modifications of the light vector mesons are due to interaction with the light quark condensates [11, 12] . In Ref. [13] , the mass modifications of the charmonium states have been studied using the leading order QCD formula [14] and using the linear density approximation for the medium modification of the gluon condensates in the nuclear medium.
The QCD sum rule calculations for the charmonium states have been generalized to finite temperatures [15] , where the medium modifications of these states have been studied arising due to the temperature effects on the gluon condensates, extracted from lattice calculations.
Using a chiral effective model, the mass modifications of the open charm mesons have been studied, arising from their interactions with the nucleons, hyperons and scalar mesons [16] [17] [18] [19] [20] . The broken scale invariance of QCD is incorporated in the chiral effective model through a scalar dilaton field. The in-medium masses of the charmonium states have been investigated within the chiral effective model [18, 19] , by computing the scalar gluon condensate in the hadronic medium from the medium modification of a scalar dilaton field.
This investigation shows small drop of the J/ψ mass in the medium, whereas the masses of the excited charmonium states are observed to have appreciable drop at high densities.
In the present investigation, we study the in-medium modifications of the vector meson, J/ψ and the pseudoscalar meson, η c , using QCD sum rules [9] , with the gluon condensates in the hadronic medium calculated in the chiral effective model [21, 22] . We calculate the contributions of the scalar gluon condensates, upto dimension four [9] to investigate the masses of J/ψ and η c in nuclear matter in the presence of magnetic field. The chiral SU(3) model [22] has been used successfully to study the medium modifications of light vector mesons [23, 24] and strange pseudoscalar mesons (kaons and antikaons) [25] [26] [27] [28] , as well as to investigate the bulk matter in the interior of (proto) neutron stars [29] . The model has been generalized to the bottom sector and the in-medium masses of the open (strange) bottom mesons [30, 31] as well as bottomonium states [32] have been studied. The mass modifications of the open charm (bottom) as well as charmonium (bottomonium) states have been used to compute the inmedium partial decay widths of the charmonium (bottomonium) to DD (BB) using a light quark pair model, namely 3P 0 model [19, 33, 34] as well a feld theoretic model for composite hadrons [35, 36] . The effects of magnetic field have also been studied on the masses of the open charm [37] , open bottom [38] , the charmonium [39] as well as the bottomonium states [40] in nuclear matter including the effects of the anomalous magnetic moments of the nucleons. In the present investigation, we study the in-medium masses of the J/ψ and η c mesons in nuclear matter in the presence of strong magnetic fields, using the QCD sum rule approach, with the gluon condensates in the medium calculated from the medium changes of the dilaton field, χ, within the chiral SU(3) model.
The outline of the paper is as follows : In section II, we give a brief introduction of chiral SU(3) model used in the present investigation, to calculate the in-medium gluon condensates needed to study the in-medium masses of charmonium states J/ψ and η c , using the QCD sum rule approach. The medium modifications of these charmonium states arise from the medium modification of the scalar and twist-2 gluon condensates. Section III discusses briefly the QCD sum rule approach used to calculate the masses of J/ψ and η c . In section IV, we discuss the results of the present investigation. Section V summarizes the conclusions of the present work.
II.
THE HADRONIC CHIRAL
In this section, we briefly describe the chiral SU(3) model [22] used to calculate the gluon condensates in the magnetized nuclear matter. The in-medium masses of the lowest charmonium states, J/ψ and η c are then computed from these gluon condensates, using a QCD sum rule framework. The chiral SU(3) model is based on the nonlinear realization of chiral symmetry [41] [42] [43] and broken scale invariance [22] [23] [24] . The latter is incorporated with a scale breaking logarithmic potential in terms of a scalar dilaton field, whose medium modification yields the medium dependent gluon condensates. The effective hadronic chiral
Lagrangian density is given as
In the above Lagrangian density, the first term L kin corresponds to the kinetic energy terms of the baryons and the mesons. L BM is the baryon-meson interaction term, L vec corresponds to the interactions of the vector mesons, L 0 contains the meson-meson interaction terms, L scalebreak is a scale invariance breaking logarithmic potential given in terms of a scalar dilaton field [44] , L SB is the explicit chiral symmetry breaking term, and L mag is the contribution from the magnetic field, given as [37] [38] [39] [40] [45] [46] [47] [48] ]
where, ψ i is the field operator for the i-th baryon (i = p, n, for nuclear matter, as considered in the present work), and the parameter κ i in the second term in equation (2) is related to the anomalous magnetic moment of the i-th baryon [45] [46] [47] [48] [49] [50] [51] . The values of κ p and κ n are given as 3.5856 and −3.8263 respectively, which are the values of the gyromagnetic ratio corresponding to the anomalous magnetic moments of the proton and neutron respectively.
Within the chiral SU(3) model used in the present investigation, the scalar gluon condensate αs π G a µν G µνa , as well as the twist-2 gluon operator,
by the scalar dilaton field, χ. These are obtained from the energy momentum tensor
derived from the Lagrangian density for the dilaton field, given as
The energy momentum tensor, accounting for the current quark masses, can be written as [15, 52] 
where the first term is the symmetric traceless part and second term is the trace part of the energy momentum tensor. Writing
where u µ is the 4-velocity of the nuclear medium, taken as u µ = (1, 0, 0, 0), we obtain the energy momentum tensor in QCD as
Equating the energy-momentum tensors given by equations (3) and (7) and multiplying by
, we obtain the expression for G 2 as
Using the Euler-Lagrange's equation for χ and dropping a total divergence term in equation (8), and using the fact that the twist-2 gluon condensate vanishes for vacuum [9] , i.e., using the condition that (G 2 ) vac = 0, the expression for G 2 is given as [10]
Equating the trace of the energy momentum tensor for the QCD with that of the chiral effective model, gives the relation between the scalar gluon condensate to the scalar dilaton field, χ, as
The scalar gluon condensate also depends on the scalar fields, σ and ζ, as we have included the term due to the finite quark masses, in the trace of the energy momentum tensor in QCD. The in-medium masses of charmonium states are modified due to the scalar gluon condensate and the twist-2 gluon operators (through the expression G 2 ).
III. QCD SUM RULE APPROACH AND IN-MEDIUM MASSES OF J/ψ AND η c
In the present section, we shall use the medium modifications of the gluon condensate, calculated from the dilaton field in the chiral effective model, to compute the masses of the charmonium states J/ψ and η c in isospin asymmetric nuclear matter in the presence of magnetic field. These masses have been studied in Ref. [10] for the case of zero magnetic field. Using QCD sum rule approach [9] , the in-medium masses of the lowest charmonium states can be written as
As already mentioned, the contribution of the scalar gluon condensate is taken through the dilaton field within the chiral SU(3) model used in the present investigation. Using equation (10), the above equation can be rewritten in terms of the dilaton field χ, as
The coefficients A α s are the running charm quark mass and running coupling constant and are ξ dependent [53] . In the next section, we present and discuss the results of our present work of the investigation of the in-medium masses of J/Ψ and η c in isospin asymmetric nuclear matter in the presence of magnetic field.
IV. RESULTS AND DISCUSSIONS
In this section, we investigate the in-medium masses of the J/ψ and η c mesons in strongly magnetized nuclear matter, using the QCD sum rule approach [8] [9] [10] 15] from the scalar and twist-2 gluon condensates calculated within the chiral effective model. The broken scale invariance of QCD is incorporated in the effective hadronic model through a scale breaking logarithmic potential in terms of a scalar dilation field, χ. These masses in hot nuclear matter were calculated within the QCD sum rule framework using the gluon condensates calculated within the chiral effective model, arising due to the medium modification of the scalar dilaton field. In the present work, the effects of magnetic field are studied on the masses of J/ψ and η c in additon to the effects of density as well as isospin asymmetry of the nuclear matter.
In the chiral effective model, the calculations are done in the mean field approximation.
In this approximation, the meson fields are treated as classical fields. In the presence of a magnetic field, the proton has contributions from the Landau energy levels. The effects of the anomalous magnetic moments of the nucleons are also taken into consideration in the present work of investigating the in-medium masses of the J/ψ and η c using the QCD sum rule approach. For given values of baryon density, ρ B , isospin asymmetry, η = (ρ n −ρ p )/(2ρ B ) (ρ p and ρ n are the number densities for the proton and neutron respectively), and magnetic field, the coupled equations of motion for the scalar fields, σ, ζ, δ and χ are solved. The twist-2 and the scalar gluon condensates, are calculated from the equations (9) and (10), which are then used to calculate the values of φ b and φ c (given by equations (14) and (15) respectively). Using the values of φ b and φ c , the in-medium masses of the J/ψ and η c are calculated using equation (11) .
In isospin symmetric nuclear medium, at baryon densities, ρ B = 0 and ρ 0 , the values of the dilaton field, χ are 409.76 and 406.38 MeV respectively and hence using equation (10) respectively for ρ B = 0 and for ρ B = ρ 0 , obtained from the values of scalar gluon condensate of (350 MeV) 4 and (344.81 MeV) 4 respectively in vacuum and at nuclear saturation density, ρ 0 in Ref. [9] in the linear density approximation. We might note here that the value of nuclear matter saturation density used in the present calculations is 0.15 fm −3 and in Ref.
[9], it was taken to be 0.17 fm −3 .
In the present investigation, we choose ξ = 1, leading to the ξ dependent coupling con- In figures 3 and 4, the in-medium masses of J/ψ and η c are plotted for the asymmetric nuclear matter with η=0.5, for different values of density and magnetic fields. The effects from isospin asymmetry are observed to be lead to lessen the mass shifts of these mesons.
For the isospin asymmetric nuclear matter, the values of J/ψ mass shift for |eB| as 8m The difference in the masses of J/ψ and η c , when the AMM effects are taken into account and when these are not considered, is observed to be smaller for the isospin asymmetric nuclear matter as compared to the symmetric nuclear matter case.
V. SUMMARY
In summary, in the present investigation, we have studied the mass modifications of the charmonium states, J/ψ and η c in the nuclear medium using QCD sum rule approach, due to modifications of the scalar gluon condensate and twist-2 tensorial gluon operator, calculated within a chiral effective model. The scalar and twist-2 gluon condensates in the nuclear medium are obtained from the medium modification of a scalar dilaton field, χ, which is introduced in the chiral effective model to simulate the broken scale invariance of QCD.
The value of the dilaton field in the nuclear matter in the presence of magnetic field, is obtained by solving the equations of motion of σ, ζ, δ and χ fields. The effects of anomalous magnetic moments of the nucleons are observed to be appreciable at higher densities and higher magnetic fields. The isospin asymmetry effects are observed to lead to smaller mass shifts for both J/ψ and η c in the nuclear medium. The density effects are observed to be the dominant medium effects on the masses of these charmonium states.
